Overexpression of membrane proteins is often essential for structural and functional studies, but yields are frequently too low. An understanding of the physiological response to overexpression is needed to improve such yields. Therefore, we analyzed the consequences of overexpression of three different membrane proteins (YidC, YedZ, and LepI) fused to green fluorescent protein (GFP) in the bacterium Escherichia coli and compared this with overexpression of a soluble protein, GST-GFP. Proteomes of total lysates, purified aggregates, and cytoplasmic membranes were analyzed by one-and two-dimensional gel electrophoresis and mass spectrometry complemented with flow cytometry, microscopy, Western blotting, and pulse labeling experiments. Composition and accumulation levels of protein complexes in the cytoplasmic membrane were analyzed with improved two-dimensional blue native PAGE. Overexpression of the three membrane proteins, but not soluble GST-GFP, resulted in accumulation of cytoplasmic aggregates containing the overexpressed proteins, chaperones (DnaK/J and GroEL/ S), and soluble proteases (HslUV and ClpXP) as well as many precursors of periplasmic and outer membrane proteins. This was consistent with lowered accumulation levels of secreted proteins in the three membrane protein overexpressors and is likely to be a direct consequence of saturation of the cytoplasmic membrane protein translocation machinery. Importantly accumulation levels of respiratory chain complexes in the cytoplasmic membrane were strongly reduced. Induction of the acetate-phosphotransacetylase pathway for ATP production and a downregulated tricarboxylic acid cycle indicated the activation of the Arc two-component system, which mediates adaptive responses to changing respiratory states. This study provides a basis for designing rational strategies to improve yields of membrane protein overexpression in E. coli.
In both pro-and eukaryotes 20 -30% of all genes encode ␣-helical transmembrane domain (TMD) 1 proteins, which act in various and often essential capacities (1, 2) . Notably these TMD proteins (hereafter referred to as membrane proteins) play key roles in disease, and they constitute more than half of all known drug targets (e.g. Ref. 3) .
The natural abundance of membrane proteins is in general too low to conveniently isolate sufficient material for functional and structural studies (4, 5) . Therefore, membrane proteins are often obtained through overexpression. The bacterium Escherichia coli is the most widely used vehicle for this purpose with overexpressed proteins accumulating in the cytoplasmic membrane (also named inner membrane) or in cytoplasmic inclusion bodies (4) . Although membrane proteins can often more easily be expressed in inclusion bodies, their refolding into functional proteins is challenging and often not successful (6) . Overexpression of membrane proteins through accumulation in a membrane system avoids this refolding problem but is usually toxic to the organism, thereby severely reducing yields (4) . The reasons for this toxicity are not clear; therefore, a better understanding of the physiological response to overexpression is needed to improve such yields through rational design (e.g. through engineering of strains or modifying target proteins). Because optimal protein production conditions cannot be predicted, yield maximization is currently mostly done by "trial and error." However, green fluorescent protein (GFP)-based methodology developed for E. coli now facilitates rapid screening for overexpression in the cytoplasmic membrane and can accelerate the trial and error process (7, 8) . Improved prediction of protein overexpression success would be very beneficial but requires an understanding of the physiological response of the cell to overexpression.
It is generally assumed that the overexpressed membrane protein affects integrity of the membrane and thus cell viability, leading to e.g. reduced growth and hampered division (4) . In addition, overexpression of membrane proteins may lead to saturation of the protein sorting and translocation machineries, possibly preventing biogenesis of endogenous proteins. Our knowledge of E. coli membrane protein biogenesis is growing rapidly but is far from complete (9) . The signal recognition particle pathway (consisting of the signal recognition particle (SRP) and its receptor FtsY) guides a ribosome membrane protein nascent chain complex to the cytoplasmic membrane Sec translocon (10) . The ribosome membrane protein nascent chain complex subsequently docks at the Sec translocon. The core of the Sec translocon consists of the integral membrane proteins SecY and SecE, which form a protein-conducting channel (11) . SecA is a peripheral subunit of the Sec translocon and is involved in translocation of sizable periplasmic loops of membrane proteins across the membrane, and it is also required for the translocation of secretory proteins (12) . TMDs of membrane proteins get trapped in the Sec translocon and move subsequently laterally out from the Sec translocon into the lipid bilayer (9) . The cytoplasmic membrane protein YidC may facilitate this process and may mediate the folding of membrane proteins (13, 14) . The SecB-dependent pathway targets secretory proteins in a mostly post-translational fashion to the cytoplasmic membrane (15, 16) . Because the SRP and SecB pathways converge at the Sec translocon (17) and because SecA engages both membrane and secretory proteins, it is possible that there is competition between sorting of secretory proteins (outer membrane and periplasmic proteins) and the integral membrane proteins of the cytoplasmic membrane.
In addition, relatively little is known about stability, quality control, and degradation of membrane proteins, and it is not known to which extent proteolysis and folding affect overexpression. It is possible that overexpressed proteins are rapidly degraded by endogenous proteases located in the cytosol (such as the ClpP/X/A system) or located in the cytoplasmic membrane (such as FtsH and HtpX) (18 -20) . This would lead to strongly reduced yields. Besides this, membrane protein overexpression could lead to a general problem of protein homeostasis of the endogenous proteome and lead to the induction of proteolysis and unwanted turnover.
So far, the physiological response to overexpression of membrane proteins in E. coli (or other overexpression "vehicles") has not been systematically studied, and therefore, this was the objective of this study. Three variants of E. coli membrane proteins (YidC, YedZ, and LepI) fused to GFP were overexpressed in E. coli BL21(DE3)pLysS from a pET-derived vector. The response was compared with overexpression of a soluble protein-GFP fusion, GST-GFP. Proteomes of total lysates, purified aggregates, and purified cytoplasmic membranes were analyzed by one-dimensional (1D) and two-dimensional (2D) PAGE and MS complemented with flow cytometry, microscopy, Western blotting, and pulse labeling experiments. Composition and accumulation levels of protein complexes in the cytoplasmic membrane were analyzed with improved 2D blue native PAGE (BN-PAGE).
Overexpression of the three membrane proteins, but not soluble GST-GFP, resulted in accumulation of cytoplasmic aggregates containing the overexpressed proteins, chaperones (DnaK/J and GroEL/S) and soluble proteases (HslUV and ClpXP) as well as many precursors of periplasmic and outer membrane proteins. This was consistent with lowered accumulation levels of secreted proteins in the three membrane protein overexpressors and is likely to be a direct consequence of saturation of the cytoplasmic membrane protein translocation machinery. Importantly accumulation levels of respiratory chain complexes in the cytoplasmic membrane were strongly reduced. Induction of the acetate-pta pathway for ATP production and a down-regulated tricarboxylic acid cycle indicated the activation of the Arc two-component system. This study provides a basis for designing rational strategies to improve yields of membrane protein overexpression.
EXPERIMENTAL PROCEDURES
Strain, Plasmids, and Culture Conditions-Proteins (YidC, YedZ, LepI, and GST) were overexpressed as GFP fusions in E. coli BL21(DE3)pLysS from a pET28aϩ-derived vector (21) . Cells were grown aerobically in standard Luria-Bertani broth supplemented with kanamycin (50 g/ml) and chloramphenicol (30 g/ml) . Overnight cultures were diluted 1:50. 1-liter cultures were grown in Tunair 2.5-liter baffled shaker flasks at 30°C in an Innova 4330 (New Brunswick Scientific) shaker at 180 rpm. Growth was monitored by measuring the A 600 with a Shimadzu UV-1601 spectrophotometer. The pH of the culture medium was monitored with a PHM220 pH meter from Radiometer. For all experiments, protein expression was induced by the addition of 0.4 mM isopropyl ␤-D-thiogalactopyranoside (IPTG) (final concentration) at an A 600 of 0.4 -0.5, and cells were harvested 4 h after induction and used for further analysis. Cells with an empty expression vector were used as a control.
Flow Cytometry and Fluorescence Microscopy-Analysis of cells overexpressing GFP fusion proteins and control cells by means of flow cytometry was done using a FACSCalibur (BD Biosciences) instrument. Cultures were diluted in ice-cold PBS to a final concentration of ϳ10 6 cells/ml immediately after harvesting. A low flow rate was used throughout data collection with an average of 250 events/s. Forward and side scatter acquisition was used for comparison of cell morphology (22) , and the cellular accumulation levels of GFP fusion proteins were measured by GFP fluorescence intensity. Cells were incubated on ice for 30 min with a 0.2 M concentration of the membrane-specific fluorophore FM4-64 (Invitrogen) to compare the amount of membranes per cell, allowing derivation of the relative cell size (23) . Data acquisition was performed using CellQuest software (BD Biosciences), and data were analyzed with FloJo software (Tree Star).
For microscopy, cells were mounted on a slide and immobilized in 1% low melting agarose. Microscopy was performed on a Zeiss Axioplan2 fluorescence microscope equipped with an Orca-ER camera (Hamamatsu). Images were processed with the AxioVision 4.5 software from Zeiss. For analysis of a filamentous growth phenotype, around 700 cells were screened per sample.
Western Blotting Analysis-The expression levels of DnaK, Ffh, FtsH, FtsY, GroEL, HtpX, IbpA/B, L5, SecA, SecB, SecE, SecG, and SecY in whole cell lysates or cytoplasmic membranes were monitored by Western blotting analysis. Whole cells (0.025-0.1 A 600 unit) and purified cytoplasmic membranes (3-5 g of protein) were solubilized in Laemmli solubilization buffer and separated by standard SDS-PAGE. Proteins were transferred from the polyacrylamide gel to a PVDF membrane (Millipore). Subsequently membranes were blocked and decorated with antisera to the components listed above as described before (24) . Proteins were visualized with secondary horseradish peroxidase-conjugated antibodies (Bio-Rad) using the ECL system (according to the instructions of the manufacturer, GE Healthcare) and a Fuji LAS 1000-Plus charge-coupled device camera. Blots were quantified using the Image Gauge 3.4 software (Fuji). Experiments were done with independent triplicate samples and were reproducible within 10%.
2D Gel Electrophoresis-2D gel electrophoresis of whole cell lysates was performed as described previously (24) . Aggregates (see below) containing 250 g of protein were solubilized in 7 M urea, 2 M thiourea, 1% (w/v) ASB-14, 2 mM tributylphosphine, 5% glycerol, 2% (v/v) IPG buffer for pH 4 -7 (GE Healthcare), and bromphenol blue (25) . 11-cm-long Immobiline DryStrips, pH 4 -7 (GE Healthcare), were used, and isoelectric focusing was performed for 60 kV-h. Aggregated proteins were separated in the second dimension on 8 -16% precast Criterion gels (Bio-Rad). Electrophoresis was performed in a Criterion Dodeca cell (Bio-Rad) at 100 -200 V until the dye front reached the bottom of the gel. Gels used for comparative analysis were stained with high sensitivity silver stain (26) , and preparative gels used for MS-based identification of proteins were stained with Coomassie Brilliant Blue R-250 or MS-compatible silver stain (27) .
Isolation of Protein Aggregates-Protein aggregates were isolated as described previously (28) . 50 ml of culture were used for each aggregate isolation. The protein content of total cells and aggregates was determined with the bicinchoninic acid (BCA) assay according to the instructions of the manufacturer (Pierce). Aggregates were analyzed using three different methods: by SDS-PAGE using 24-cm-long 8 -16% acrylamide gradient gels, by Bio-Rad Criterion system 2D gels (see "2D Gel Electrophoresis" above) (both 1D and 2D gels were stained with Coomassie Brilliant Blue R-250 and subjected to MS as described below), and finally by a direct in-solution digest followed by nano-LC-ESI-MS/MS essentially as described before (29) .
Isolation of Cytoplasmic Membranes-Cell fractionation was carried out essentially as described before (30) using two subsequent sets of sucrose density gradients. Cells were cultured as described above, harvested at 6000 ϫ g using a Beckman 8.1000 rotor, and washed once with buffer K (50 mM triethanolamine (TEA), 250 mM sucrose, 1 mM EDTA, 1 mM DTT, pH 7.5). The cell pellets were snap frozen in liquid nitrogen and stored at Ϫ80°C. 1000 A 600 units of cells were resuspended in 8 ml of buffer K supplemented with 0.1 mg/ml Pefabloc and 5 g/ml DNase and lysed by two cycles of French pressing (18,000 p.s.i.). The lysate was cleared of unbroken cells by 20-min centrifugation at 8000 ϫ g. The supernatant was applied on top of a two-step sucrose gradient: bottom, 0.8 ml of 55% (w/w) sucrose; top, 5.0 ml of 9% (w/w) sucrose. All sucrose gradients were prepared in buffer M (50 mM TEA, 1 mM EDTA, 1 mM DTT, pH 7.5). The gradients were centrifuged for 2.5 h at 210,000 ϫ g in a Beckman SW 41 rotor, and the membrane fraction was collected from the top of the 55% sucrose layer. This fraction, which contains the total membranes, was diluted 1:3 with buffer M and subjected to a six-step sucrose gradient centrifugation run to obtain pure cytoplasmic membrane fractions. The composition of this second gradient was as follows (from bottom to top): 0.7 ml of 55%, 1.4 ml of 50%, 1.5 ml of 45%, 2.2 ml of 40%, 1.8 ml of 35%, 0.9 ml of 30% (all w/w) sucrose, and 3.3 ml of the sample. The gradients were centrifuged for 15 h at 210,000 ϫ g in a Beckman SW 41 rotor, and the cytoplasmic membrane fraction was collected from the top of the 40% sucrose layer. The protein concentration of the fraction was determined using the BCA assay according to the manufacturer's instructions (Pierce). The concentrations of the membrane samples were adjusted to 0.5 mg/ml with buffer L (50 mM TEA, 250 mM sucrose, 1 mM DTT, pH 7.5), and aliquoted samples were stored at Ϫ80°C. The cytoplasmic membrane fraction was analyzed by Western blotting, SDS-PAGE using 24-cm-long 8 -16% acrylamide gradient gels, and 2D BN-PAGE (see below).
Analysis of Cytoplasmic Membrane Fractions by 2D BN-PAGEBlue native electrophoresis as described previously (31) was modified to enable the relative quantification of membrane proteomes in the following way (see Fig. 8A ). 1-mm-thick first dimension polyacrylamide gels were cast onto GelBond PAG film as recommended by the manufacturer (Cambrex). 5-14% gradient gels were used to resolve proteins and protein complexes between 1000 and 60 kDa. Cytoplasmic membranes prepared as described above were pelleted and subsequently solubilized in buffer containing 750 mM 6-aminocaproic acid, 50 mM bis-Tris-HCl (pH 7.0 at 4°C), and freshly prepared 0.5% (w/v) n-dodecyl-␤-D-maltopyranoside. After removal of unsolubilized material by centrifugation (100,000 ϫ g for 30 min), Serva Blue G was added to a final concentration of 0.5% (w/v), and the samples were loaded onto the first dimension gel. Coomassie-containing cathode buffer was used throughout the run. Electrophoresis of the first dimension was performed at 100 -400 V until the dye front reached the end of the gel. For calibration, ferritin (440 and 880 kDa), aldolase (158 kDa), and albumin (66 kDa) (GE Healthcare) were used as molecular mass markers. Lanes cut from the first dimension gel were equilibrated for 15 min in a buffer containing 2% SDS, 5 mM tributylphosphine followed by equilibration for 15 min in 2% SDS, 260 mM iodoacetamide. The lanes were mounted on top of the 1.5-mm-thick second dimension gel by submerging the strips in warm agarose solution (1% (w/v) low melting agarose, 0.5% SDS, bromphenol blue). The samples were separated in the second dimension on 10% Duracryl (Genomic Solutions) gels (10% acrylamide monomer and 1% bisacrylamide) containing 1 M Tris-HCl (pH 8.45), 0.1% (w/v) SDS, and 20% (v/v) glycerol. Electrophoresis was performed with a Tricine-SDS buffer system (32) in an Ettan DALTtwelve system (GE Healthcare) at 80 V for ϳ48 h until the dye front reached the bottom of the gel. Gels were stained with colloidal Coomassie stain (33) .
2D Gel Image Analysis and Statistics-Gels were scanned using a GS-800 densitometer from Bio-Rad. Spots in 2D gels were analyzed using the PDQuest software (Bio-Rad). Each comparative standard 2D gel analysis set included four gels, and each comparative 2D BN-PAGE analysis set included three gels. All gels in a set represented independent samples (i.e. samples from different bacterial colonies and cultures), which were subjected to 2D gel and image analysis. Spot quantities were normalized using the "total density in gel image" method to compensate for non-expression-related variations in spot quantities between gels. PDQuest was set to detect differences that were found to be statistically significant using the Student's t test and a 95% level of confidence, including qualitative differences ("on/off responses") present in all gels in a group and quantitative differences in at least one replicate group. In analysis sets of 2D BN-PAGE gels, differences were only accepted if the spot intensities were at least 2-fold with a 95% level of confidence. The quantification of saturated spots was approximated using the "contour tool" of PDQuest.
Protein Identification by Mass Spectrometry and BioinformaticsStained protein spots or bands were excised, washed, and digested with modified trypsin; peptides were extracted manually or automatically (ProGest, Genomic Solutions); and peptides were applied to the MALDI target plates as described previously (34) . The mass spectra were obtained automatically by MALDI-TOF MS in reflectron mode (Voyager-DE-STR, PerSeptive Biosystems) followed by automatic internal calibration using tryptic peptides from autodigestion. The spectra were analyzed for monoisotopic peptide peaks (m/z range, 850 -5000) using the software MoverZ from Genomic Solutions with a signal to noise ratio threshold of 3.0. Matrix and/or autoproteolytic trypsin fragments were not removed unless otherwise indicated (see below). Spectral annotations (in particular assignments of monoisotopic masses) were verified by manual inspection for a large number of measurements. The resulting peptide mass lists were used to search the Swiss-Prot 48.1 database (release September 27, 2005) for E. coli (7533 sequences) with Mascot (version 2.0; Matrix Science) in automated mode using the following search parameter criteria: significant protein MOWSE score at p Ͻ 0.05, no missed cleavages allowed, variable methionine oxidation, fixed carbamidomethylation of cysteines, and minimum mass accuracy of 50 ppm. These search result pages were extracted and analyzed by an additional in-house filter 2 applying the following three criteria for positive identification: (i) minimum MOWSE score Ն50, (ii) Ն4 matching peptides with an error distribution within Ϯ25 ppm, and (iii) Ն15% sequence coverage. In case of hydrophobic integral membrane proteins on the 2D BN-PAGE gels, the minimum sequence coverage was 10% but only if the experimental denatured mass corresponded with the predicted denatured mass. The minimum ratio of matched to unmatched peaks accepted was 0.25. False positive rates were less than 1% as determined by searching with the .pkl list against the E. coli database (Swiss-Prot 48.1) mixed with a randomized version of the E. coli database generated using a Perl script from Matrix Science.
In a number of cases, the PMF-based identifications of proteins in the aggregates were affected due to the low abundance of proteins and/or the complex nature of the samples analyzed. Trypsin and matrix peaks were rather dominant in these spectra, resulting in a ratio of matched peptides versus unmatched peptides of Ͻ0.25. Therefore, the respective spectra were re-searched manually with trypsin and matrix peaks subtracted. These identifications are marked in Supplemental Table 2 . Matrix and/or autoproteolytic trypsin peaks were identified by processing a gel piece devoid of protein. If indicated, the following peaks were removed: 842.5, 1045.6, 1940.9, 2211.1, and 2283.2 as well as the respective methyl-, formyl-, and acetyl-modified and oxidized forms.
For several critical samples, the peptides were also analyzed by nano-LC-ESI-MS/MS in automated mode on a quadruple/orthogonalacceleration TOF tandem mass spectrometer (Q-TOF, Micromass) (see Friso et al. (35) for details). MassLynx 4.0 was used for spectral annotations (m/z range: MS, 350 -1750; MS/MS, 50 -1750). The resulting peak lists were used to search Swiss-Prot 48.1 database (downloaded locally) automated using Mascot (version 2.0; Matrix Science). When searching Mascot, the maximum precursor and fragment errors were 1.2 and 0.8 Da, respectively. Probability-based MOWSE score, number of matching peptides, and highest peptide score were extracted from the Mascot peptide summary report pages using in-house written software. 2 Minimal criteria for identification were as follows: (i) one matching peptide with a peptide score higher than the minimal significant (p Ͻ 0.05) individual ion score, (ii) two matching peptides with a score higher than 21, or (iii) three matching peptides with peptides with peptide score of 20 or higher. All significant MS/MS identifications by Mascot were manually verified for spectral quality and matching y and b ion series.
The curated and non-redundant Swiss-Prot 48.1 database was used throughout the study to limit redundancy of protein assignments. Synonymous gene names are given in the supplemental tables. Ambiguous protein assignments for members of multiprotein families were checked manually. Only one ambiguous protein assignment was identified. This is indicated by "#" in the tables (see wzzB in spot 91 in Table II , Fig. 8 , and Supplemental Table 3) .
Protein Translocation Assay-Cells were cultured as described under "Strain, Plasmids, and Culture Conditions." 4 h after induction of protein expression, cells from 1 ml of culture were collected by centrifugation (2 min at 3000 ϫ g) and washed in M9-based medium as described previously (36) , and washed cells were resuspended in 1 ml of M9-based medium supplemented with 50 g/ml kanamycin, 30 g/ml chloramphenicol, and 0.4 mM IPTG. Cells were incubated at 30°C for 10 min, were then labeled with [ 35 S]methionine (60 Ci/ml, 1 Ci ϭ 37 GBq) for 45 s, and subsequently precipitated in 10% TCA. TCA-precipitated samples were washed with acetone; resuspended in 10 mM Tris-HCl (pH 7.5), 2% SDS; and immunoprecipitated with antiserum to OmpA followed by standard SDS-PAGE analysis as described previously (36) . Gels were scanned using a Fuji FLA-3000 phosphorimaging system and analyzed using the Image Gauge software version 3.4.
Enzymatic Activity Assays-For oxygen consumption measurements in whole cells, cells were cultured as described above. After 4 h of expression, cells were harvested at 3000 ϫ g, resuspended in ice-cold PBS, and adjusted to a concentration of 200 A 600 units/ml. The protein concentration of the samples was determined with the BCA assay according to the instructions of the manufacturer (Pierce). Oxygen consumption in whole cells was measured using a 2 Q. Sun and K. J. van Wijk, unpublished data .
FIG. 1. Experimental setup.
A, topology models of the overexpressed membrane protein GFP fusions. B, membrane proteins and the GST control were expressed in BL21(DE3)pLysS as GFP fusions from a pET28aϩ-derived vector as described under "Experimental Procedures." The A 600 of the cultures was measured every hour; pH of the culture was measured every 4 h. Flow cytometry and fluorescence microscopy were used to monitor GFP fusion protein expression and cell morphology. The protein composition of total cell lysates was studied using comparative Western blotting and 2D gel electrophoresis, the protein composition of cytoplasmic aggregates was studied by 1D and 2D gel electrophoresis and in-solution trypsin digest/nano-LC-ESI-MS/MS, and the protein composition of purified cytoplasmic membranes was examined using comparative Western blotting and comparative 2D BN-PAGE. After gel-based proteome analysis, proteins were identified by MALDI-TOF MS/PMF or by peptide sequencing with ESI-Q-TOF nano-LC-ESI-MS/MS.
Hansatech Oxytherm Oxygraph for 2 min. The reaction was started by the addition of 3 A 600 units of cells to 1 ml of PBS at 25°C. Succinate dehydrogenase and cytochrome oxidase activities of inverted membrane vesicles were determined as described previously (37, 38) .
RESULTS

Overexpressed Proteins and Culture Conditions-The
widely used E. coli BL21(DE3)pLysS strain served as the organism to follow the response to protein overexpression (39) . All proteins were expressed from a pET28aϩ-derived vector as C-terminal GFP fusions, which facilitated monitoring membrane protein overexpression (21) . The GFP variant used for the fusions is optimized for expression and folding in E. coli (40) .
Three E. coli membrane proteins that are predominantly overexpressed into the cytoplasmic membrane, YidC, YedZ, and LepI, were chosen for this study (Fig. 1A) (7) . YidC is an integral membrane chaperone, and YedZ is an integral membrane flavocytochrome; each has six TMDs (7, 9, 41, 42) . LepI is a leader peptidase derivative with two TMDs that has been modified such that it inserts with an inverted topology into the cytoplasmic membrane; it is thus a non-functional protein (43) . Overexpression of the soluble protein GST was used to distinguish between the general response to overexpression and a possible specific response to membrane protein overexpression. The empty pET28aϩ-derived GFP fusion vector was used as the control. The experimental outline of the study is shown in a flow chart (Fig. 1B) .
Cells of controls and the four GFP transformants were cultured aerobically at 30°C in Luria-Bertani broth to an A 600 of 0.4 -0.5 after which protein expression was induced for 4 h with IPTG. Overexpression of the membrane proteins strongly hampered growth with maximum cell densities reduced by more than 50% compared with the control (A 600 of 0.8 -1.3 versus 2.5) and transition to stationary phase after ϳ2 h of induction. In contrast, overexpression of the soluble GST-GFP did not affect growth with maximum cell densities of A 600 of 2.5 ( Fig. 2A) .
To assess whether the function of YidC-GFP contributed to the toxic effect of overexpression, we also monitored the expression of three non-functional GFP-tagged YidC variants (I361S, Y516S, and ⌬TM3) (44) . All three YidC-GFP mutants were stably expressed at the same level as the wild-type YidC-GFP protein and had the same effect on growth (data not shown). This indicates that the effect of YidC-GFP overexpression on growth is not due to the specific function of YidC.
Flow Cytometry and Microscopy-The morphology of the cells overexpressing GFP fusions and the yield of GFP fusion proteins in individual cells were studied by flow cytometry and microscopy ( Fig. 2, B-F) . The GFP yield, measured as geo- metric mean of GFP fluorescence per cell, was highest for soluble GST-GFP (1538 arbitrary units (a.u.)) followed by YidC-GFP (188 a.u.), YedZ-GFP (142 a.u.), and LepI-GFP (138 a.u.), whereas control levels were 2 a.u. Flow cytometry also showed that GFP fusion proteins were homogenously expressed by the cells of the respective cultures (Fig. 2B ). An increase in forward and side scatter of cells overexpressing membrane proteins indicated that these cells were slightly bigger (particularly YidC-GFP) and contained extra internal structures (Fig. 2C ). This increased cell size corresponded to an increased amount of membranes as determined by staining with the membrane-specific fluorophore FM4-64 (Fig. 2D) . The increase in forward and side scatter and FM4-64 fluorescence was most pronounced for the overexpression of YidC-GFP, thus correlating with GFP expression levels and FM4-64 stains (Fig. 2, C and D) .
To characterize the nature of altered cell morphology in more detail, cells were analyzed by fluorescence microscopy ( Fig. 2, E and F) . A significant proportion of cells overexpressing membrane proteins showed a filamentous phenotype due to incomplete cell division. This observation supported the flow cytometry results, which indicated an increased cell size upon membrane protein overexpression. This effect was most pronounced for YidC-GFP overexpression with 16% of all cells showing a filamentous phenotype compared with only 1% upon GST-GFP overexpression. A filamentous phenotype was defined as a cell length corresponding to at least three non-dividing cells and/or the presence of more than one division septum.
Analysis of Whole Cell Lysates by Western Blotting-As a first step in the characterization of the cellular proteomes of the GFP fusion overexpressors, cell lysates were analyzed by Western blotting with antibodies against components of the protein sorting machineries and various stress responses (Fig.  3A) . Levels of Ffh and FtsY, core components of the SRP targeting pathway, were unaltered upon membrane protein overexpression. The levels of SecB, involved in the targeting of secretory proteins, were about 20% lower in cells overexpressing the membrane proteins as well as GST-GFP. The levels of SecA, a peripheral subunit of the Sec translocon, were increased by around 50% in cells overexpressing membrane proteins but clearly not in cells overexpressing GST-GFP. This suggests that protein translocation is hampered at the level of the Sec translocon (45) . The levels of the chaperone DnaK were around 65% higher after overexpression of membrane and GST-GFP fusion proteins. Accumulation of chaperone GroEL was also increased in all overexpressors but only by 25%. Inclusion body-binding proteins A and B (IbpA/B) are proteins typically found in cytoplasmic aggregates and facilitate disaggregation by ClpB (46) . IbpA/B levels were practically undetectable in the control but increased 40-fold after overexpression of YidC-GFP and 6 -17-fold for the other GFP constructs (Fig. 3A) . Taken together, the Western blotting experiments indicate that membrane protein overexpression in the cytoplasmic membrane leads to protein translocation stress and a protein folding problem in the cytoplasm.
Analysis of Whole Cell Lysates by 2D Gel ElectrophoresisTotal cellular proteomes of cells overexpressing the GFP fusion proteins and control cells were compared by image analysis of 2D gels with denaturing IPG strips (pH 4 -7) in the first dimension and Tris-Tricine SDS-PAGE gels in the second dimension (24) . The analysis was carried out in four biological replicates. Gels were stained with silver and scanned, and images were subsequently analyzed and compared using the PDQuest software (Bio-Rad). Significance was determined using Student's t test (for details see "Experimental Procedures"). 2D gels of cells overexpressing the GST-GFP fusion were not included in the final comparative analysis because the large amount of overexpressed soluble GST-GFP protein prevented conclusive analysis. This was not a problem for cells overexpressing membrane proteins because their expression levels were 10-fold lower than the expression levels of GST-GFP and because membrane proteins do not resolve on the 2D gels. Fig. 3B shows a representative gel for the control cells and for cells overexpressing YidC-GFP. The quantitative data for overexpressors of GFP fusion proteins of YidC, YedZ, and LepI are shown as a bar diagram with changes compared with control cells (Fig. 4A) . Protein spots were excised, and proteins were digested with trypsin. The resulting peptides were extracted and analyzed by MALDI-TOF MS, and proteins were identified by PMF. Spot statistics and MS data are provided in Supplemental Table 1 . The -fold changes were typically highest in the YidC-GFP overexpres- Fig. 3 . Analysis of whole cell lysates by Western blotting and 2D gel electrophoresis. A, cells overexpressing GFP fusion proteins and control cells were cultured as described under "Experimental Procedures." Proteins of whole cell lysates were separated by means of SDS-PAGE and subsequently subjected to Western blotting analysis with antibodies to DnaK, GroEL, IbpA/B, Ffh, FtsY, SecA, and SecB. B, comparative 2D gel analysis of proteins in whole cell lysates of cells overexpressing YidC-GFP and the control. 1.0 A 600 unit of cells was solubilized, and proteins were separated by 2D gel electrophoresis. Proteins were visualized by silver stain, and differences between the replicate groups were analyzed using the PDQuest software (Bio-Rad). Each replicate group contained four independent samples. Differential protein accumulation was analyzed using the Student's t test and a 95% level of confidence (see "Experimental Procedures"). The indicated proteins were identified by MS from spots excised from gels stained with Coomassie Brilliant Blue R-250 or MS-compatible silver stain (Fig.  4 and Supplemental Table 1 ). Annotated spots were matched onto the silver-stained gels shown here using the PDQuest software (Bio-Rad). Numbers representing secretory proteins are in italic and those of chaperones in bold. The accumulation levels of spots numbered on the control gel were decreased, whereas the accumulation levels of spots numbered on the YidC-GFP overexpression gel were increased compared with the control.
sor, but the qualitative changes were usually the same for the two other membrane protein overexpressors. For the sake of simplicity we will focus on the YidC-GFP results in this section.
121 spots corresponding to 110 non-redundant proteins were significantly (p Ͻ 0.05) changed in the YidC-GFP cells compared with the control; 86 spots decreased, and 35 spots increased. Some proteins were identified in multiple spots located next to each other. 13 spots contained two different proteins with similar pI and molecular weights, and in three cases the identified proteins did not match the molecular weight (Fig. 3B, spots 1, 26, and 52) .
Of the 35 proteins with increased accumulation levels, seven were chaperones and proteases: they are the folding mediators DnaK (2.7-fold), GroEL (2.0-fold), the disaggregation chaperones ClpB (4.4-fold) and IbpA (2.8-fold), and the protease components HslV and HslU (4.3-and 2.6-fold, respectively). Chaperones and proteases are in bold letters in Figs. 3B and 4A. The increased levels of DnaK and GroEL in the 2D gels are in agreement with the Western blotting results presented earlier (Fig. 3A) . It should be noted that IbpA colocalized with the protein UspF in our 2D gels. This explains why the three overexpressors did not show an "on" response of IbpA as observed by Western blotting. The expression of all these chaperones and proteases is regulated by the transcription factor 32 (47) . The 32 -induced response, better known as the "heat shock response," is activated in response to protein misfolding in the cytoplasm. The induction of the heat shock response has been described before for the overexpression of soluble proteins (48 -50) and just recently also for the overexpression of cytoplasmic membrane proteins (51) .
Further analysis of the 2D gels revealed that upon membrane protein overexpression the levels of several enzymes of the tricarboxylic acid cycle (malate dehydrogenase (Mdh), fumarase A (FumA), fumarase C (FumC), and succinyl-CoA synthetase subunit ␣ (SucD)) were about 3-fold lower than in the control. In contrast, the levels of enzymes involved in the "payoff phase" of glycolysis (glyceraldehyde 3-phosphate dehydrogenase (GapA), phosphoglycerate kinase (Pgk), phosphoglycerate mutase (GpmI), and pyruvate kinase I (PykF)) were increased 2.4 -4.6-fold (Figs. 4A and 11 ). Furthermore levels of the E2 and E3 components of pyruvate dehydrogenase (LpdA and AceF) as well as of acetate kinase (AckA) were all 2-5-fold increased upon membrane protein overexpression. These enzymes catalyze the formation of ATP from pyruvate via acetyl-CoA and acetyl phosphate under anaerobic conditions (52) , leading to the production and subsequent secretion of acetate into the culture medium. Indeed a slight acidification of the culture medium was observed upon membrane protein overexpression (Fig. 5A) . Notably the extent of the acidification of the medium correlated positively with increased levels of pyruvate dehydrogenase and acetate kinase; YidC-GFP overexpression resulted in the most pronounced effect followed by LepI-GFP and YedZ-GFP. Also the level of YbeD, involved in the biosynthesis of lipoic acid, which is required as the prosthetic group of pyruvate dehydrogenase, was increased 16-fold (53) . Overexpression of the soluble protein GST-GFP did not result in the aforementioned changes and consistently did not affect the pH of the culture medium (Fig. 5A) .
25 of the 82 proteins with reduced accumulation levels (30%) were secretory proteins; this is disproportionate because only around 10% of the E. coli genes encode secretory proteins (54) . Comparison of the experimental pI and molecular mass with the predicted pI and mass of the precursors and mature (processed) proteins indicated that these proteins were all processed. Hence they must have been translocated across the cytoplasmic membrane. The effect was unique for membrane protein overexpression because GST-GFP overexpression did not result in this phenotype (Fig. 4B) . Consistent with the decreased levels of secreted and processed proteins, further inspection of the 2D gels indicated that precursor forms of the abundant secretory proteins OmpA, OmpF, and OppA accumulated in the YidC-GFP and LepI-GFP overexpressors but not in control cells. Moreover peptides matching to the signal sequence of pre-OmpF were identified by nano-LC-ESI-MS/MS (spot 12 in Fig. 3B , lower panel). Furthermore pulse labeling followed by immunopre- Fig. 4 . Relative quantification of protein spots with differential accumulation levels in whole cell lysates upon membrane protein overexpression. A, relative quantification of protein spots with differential accumulation levels in whole cell lysates upon membrane protein overexpression compared with the empty vector control. Differential protein expression was analyzed using the Student's t test and a 95% level of confidence (see "Experimental Procedures"). Relative quantifications are based on the average of four independent replicate samples. Proteins were identified by MALDI-TOF MS/PMF. If several proteins were identified in one spot, the first gene name given corresponds to the protein with the most prominent peaks in MALDI-TOF MS spectra and the highest Mascot MOWSE score. Primary gene names are taken from Swiss-Prot (www.expasy.org). Numbers refer to spot positions on the gels in Fig. 3B . Names representing secretory proteins are in italic, and those of chaperones are in bold. A -fold change of 100 indicates a spot that was "on" upon membrane protein overexpression; a -fold change of 0.01 indicates that it was "off." B, relative spot intensities from 2D gels of whole cell lysates of control cells were plotted against those of YidC-GFP-and GST-GFP-overexpressing cells, respectively. Relative spot intensities represent the average of four independent replicate samples. This relative representation circumvents the problem that the overexpressed GST-GFP fusion accounts for a very large fraction of the total protein on 2D gels. Secretory proteins (black triangles) and chaperones/proteases (black squares) whose accumulation levels were significantly changed upon YidC-GFP overexpression and that were identified by MS are highlighted. It is apparent that the abundance of processed forms of many secretory proteins is strongly reduced upon YidC-GFP overexpression, whereas this is not the case upon GST-GFP overexpression. The precursors of some secretory proteins accumulate upon YidC-GFP overexpression (OmpA, OmpF, and OppA).
cipitation clearly showed accumulation of pre-OmpA upon membrane protein overexpression (Fig. 5B) . Precursor accumulation was strongest upon YidC-GFP and LepI-GFP overexpression and absent when the soluble GST-GFP-fusion was expressed. These observations suggest that membrane protein overexpression leads to a bottleneck in protein targeting or translocation of secretory proteins.
Isolation and Characterization of Protein Aggregates-The heat shock response in the overexpressors indicated a significant protein folding problem in the cytoplasm. In addition, flow cytometry experiments suggested the presence of extra internal structures, such as additional internal membranes or protein aggregates, in cells overexpressing membrane proteins. Indeed aggregates could be isolated from cells overexpressing membrane proteins using a Nonidet P-40-based purification (Fig. 6A) (28) . Protein aggregates made up around 0.8% of the total cellular protein in cells overexpressing YedZ-GFP and LepI-GFP and around 1.6% in cells overexpressing YidC-GFP. Cells overexpressing GST-GFP accumulated only minor amounts of aggregates and contained predominantly the GST-GFP fusion protein (Fig. 6A) .
The protein composition of the aggregates was analyzed by both 1D and 2D gel electrophoresis followed by MALDI-TOF MS and PMF and by a direct in-solution tryptic digestion of the aggregates followed by nano-LC-ESI-MS/MS (Fig. 6, A and B, Table I, and Supplemental Table 2 ). Interestingly the protein compositions of aggregates isolated from cells overexpressing the different membrane proteins were similar. In total 144 different proteins were identified of which 100 were cytoplasmic, 23 were secretory, and 19 were membraneassociated proteins without any predicted TMDs. Surprisingly integral cytoplasmic membrane proteins were not detected in the 1D gels of aggregates with the exception of the GFP fusion proteins, the FtsH protease adapter protein HflK, and the methyl-accepting chemotaxis protein III (MCP3). HflK and MCP3 have one and two TMDs, respectively, and both have large soluble domains. The near absence of membrane proteins in the aggregates was surprising but was confirmed independently by Western blotting using antisera against abundant cytoplasmic membrane proteins such as the cytochrome bo 3 core subunits CyoA and CyoB and the ATPase core subunit F O c (data not shown).
Estimated from the spot/band intensities in 1D and 2D gels, cytoplasmic chaperones and proteases constituted around 40% of the total aggregated protein, secretory proteins represented around 25%, overexpressed GFP fusion protein was around 20%, and the remainder were mainly established cytoplasmic GroEL/S and DnaK substrates; these proportions appeared true for all three membrane protein overexpressors ( Fig. 6C and results not shown) (55, 56) . The presence of cytoplasmic proteins in the aggregates pointed to a cytoplasmic localization of the aggregates. This was supported by the presence of the precursor forms of the major outer membrane proteins OmpA, OmpF, and OppA in the 2D gels of aggregates and consistent with the pulse-chase experiments of pre-OmpA.
Analysis of the Cytoplasmic Membrane Proteome by Western Blotting-To monitor the effects of protein overexpression on the composition of the cytoplasmic membrane proteome, cytoplasmic membranes were purified using sucrose gradients and analyzed by Western blotting (Fig. 7) . The levels of the Sec translocon components SecY, SecE, and SecG were increased by 10 -20% upon membrane protein overexpression. Levels of membrane-associated ribosomal subunit L5 were increased by ϳ50%, whereas the total concentration in the cell was unchanged (data not shown). In addition, membrane protein overexpression led to an increased association (2.3-4.8-fold) of DnaK with the membrane. Membrane protein overexpression did not significantly affect the levels of FtsH, but HtpX levels were reduced by 50, 30, and 60% in the YidC, YedZ, and LepI overexpressors, respectively. Therefore it is unlikely that HtpX poses a major problem to the stability of overexpressed membrane proteins, whereas the impact of FtsH remains unclear.
Relative Quantification of the E. coli Cytoplasmic Membrane Proteome Using Novel 2D Blue Native PAGE-based Methodology-Because protein bands in 1D gels of complex protein mixtures usually contain more than one protein, staining intensities of these bands cannot be reliably used for quantitative protein analysis. In addition, the use of 1D gel electrophoresis combined with Western blotting is limited by the availability and quality of antibodies. 2D gels using IPG strips in the first dimension are also not suitable for quantitative membrane protein analysis due to poor recovery and solubility. Although 2D BN-PAGE was used successfully to study the composition and oligomeric state of the cytoplasmic membrane proteome of E. coli (31, 57, 58) , the current protocols do not appear suitable to facilitate quantitative comparative membrane protein analysis. In particular, the transfer of the first dimension gel slices to the second dimension SDS gels appeared to contribute significantly to gel-gel variability, decreasing the usefulness of 2D BN-PAGE for the relative quantification of membrane proteomes. This most likely explains why 2D BN-PAGE has not been widely used for quantitative purposes so far.
To overcome this limitation, we cast the first dimension BN-PAGE gels on a GelBond PAG film (Cambrex) thus improving the physical strength of the gels. During the polymerization process the gel is covalently linked to the film. This made it possible to quickly transfer the gel slices free of distortion directly onto a second dimension SDS-PAGE gel while it also appeared to reduce diffusion of proteins out of the gel strip during the denaturation and cysteine modification steps preceding SDS-PAGE (Fig. 8A) .
The 2D BN-PAGE gels and subsequent image analysis were used to study the effects of overexpression on the cytoplasmic membrane. Examples of the 2D BN-PAGE gels are shown in Figs. 8B and 9. Each analysis set contained independent triplicate samples prepared as described under "Experimental Procedures." The threshold for acceptance was set at 95% significance and a minimum 2-fold change in accumulation levels (Fig. 10A) . Importantly the distribution of the coefficients of variation achieved for the relative quantification of spots using our optimized 2D BN-PAGE gel methodology compared well with results obtained with IPG-based 2D gels for soluble proteins (Fig. 10B) .
MS analysis of the 2D BN-PAGE map resulted in the identification of 102 different proteins from 114 spots (Fig. 8B , Table II, and Supplemental Table 3 ). The protein accumulation patterns were qualitatively very similar for the three overexpressed membrane proteins with overexpression of YidC-GFP generally causing the strongest effects followed by YedZ-GFP and LepI-GFP. Overexpression of GST-GFP hardly affected accumulation levels of membrane proteins (Figs. 9   FIG. 6 . Characterization of aggregates isolated from E. coli cells overexpressing GFP fusion proteins. A, protein aggregates were isolated from cells overexpressing GFP fusion proteins as described under "Experimental Procedures." The aggregates were analyzed by 1D SDS-PAGE on a 24-cm long 8 -16% gradient gel and by 2D gel electrophoresis (B). Gels were stained with Coomassie Brilliant Blue R-250. Proteins in indicated bands/spots were identified by MS as described under "Experimental Procedures" (Table I and Supplemental Table 2) . C, densitometric analysis of the spot/band intensities in 1D and 2D gels indicated that cytoplasmic chaperones and proteases constituted around 40% of the total protein in aggregates, secretory proteins represented around 25%, the overexpressed membrane protein represented around 20%, and the remainder was cytoplasmic proteins other than chaperones and proteases.
TABLE I Identification of proteins in aggregates isolated from membrane protein-overexpressing and control cells
Aggregated proteins were analyzed by 1D and 2D gel electrophoresis followed by MALDI-TOF MS (Fig. 6, A and B) and by in-solution digestion followed by nano-LC-ESI-MS/MS. solut., solution; local., localization; prec., precursor.
TABLE I-continued
Consequences of Membrane Protein Overexpression in E. coli TABLE I-continued a
The numbering corresponds to the bands/spots in the 1D/2D gels shown in Fig. 6, A and B . Only prominent bands in the 1D gel are numbered. The identification number of ninor bands corresponds to their observed molecular weight.
b The ranking is based on the Mascot MOWSE score of proteins identified by in-solution digestion and nano-LC-ESI-MS/MS (Supplemental Table 2 ).
c Gene names and synonyms given in the Swiss-Prot E. coli 48.1 database (release September 27, 2005; www.expasy.org). d Localization according to the Swiss-Prot database. The localization of unknown proteins was predicted using PSORT (77) . c, cytoplasm; p, periplasm; om, outer membrane; cm, cytoplasmic membrane.
e Chaperone substrates according to the following references: Gro(EL/S): Kerner et al. (56) ; DnaK: Mogk et al. (55) . f "M" indicates that MALDI-TOF MS peptide mass fingerprint analysis revealed a peptide mass for a peptide covering parts of a signal sequence. "Q" indicates that this peptide was sequenced by nano-LC-ESI-MS/MS. and 10 and Supplemental Table 3 ). Interestingly the IPTGinduced lactose permease (LacY) was 3-fold increased upon GST-GFP overexpression, whereas no significant increase of LacY was observed upon overexpression of the three different membrane proteins, indicating that its insertion into the cytoplasmic membrane was most likely outcompeted by the overexpressed membrane protein. The overexpression of membrane proteins led to reduced expression levels of a large set of endogenous membrane proteins. From here on, we focus on the results obtained with cytoplasmic membranes isolated from cells overexpressing YidC-GFP. The levels of the following protein complexes were strongly affected (Figs. 9 and 10A): formate dehydrogenase O (FdoG and FdoH; Ϫ75%), maltose permease (MalK; Ϫ50%), oligopeptide permease (OppB, OppD, and OppF; Ϫ75%), glutamine permease (GlnQ; Ϫ70%), cytochrome d ubiquinol oxidase (CydA; Ϫ55%), and succinate dehydrogenase (DhsA and DhsB; Ϫ50%).
Enzymatic activity assays monitoring both cytochrome oxidases (bo 3 and bd) showed that cytochrome oxidase activity was lowered by 52% in the overexpressor (Fig. 10C) . In this respect it should be mentioned that the accumulation levels of the subunits of cytochrome bo 3 were reduced just outside the stringent threshold of acceptance in the 2D BN-PAGE gels. Also the capacity of whole cells to consume oxygen was decreased by 62% upon membrane protein overexpression (Fig. 10C) . Furthermore enzymatic activity assays showed that succinate dehydrogenase activities were lowered by 43% in the cytoplasmic membranes of the YidC-GFP overexpressor (Fig. 10C) . The observed drop in enzymatic activities thus matched the protein accumulation levels determined from the gels. Similar observations were also made for the other membrane protein overexpressors (results not shown).
Overexpression of membrane proteins did not lead to changes in the composition of membrane protein complexes with one notable exception: overexpression of all three membrane proteins resulted in the change of the complex size of endogenous YidC (OxaA) from 109 to 89 kDa. At present, we do not have an explanation for this observation. In keeping with the Western blotting results, membrane protein overexpression led to a 4-fold stronger recruitment of DnaK to the cytoplasmic membrane. It is tempting to speculate that DnaK is attracted to the membrane by misfolded cytoplasmic loops of membrane proteins.
DISCUSSION
Overexpression of membrane proteins is a major bottleneck in membrane protein research. E. coli is the most widely used vehicle for the production of membrane proteins. To facilitate isolation of membrane proteins it is best to overexpress them in the cytoplasmic membrane rather than in inclusion bodies (6) . Unfortunately such membrane-localized accumulation is usually toxic to the cell, thereby severely reducing overexpression yields. Although several reasons can be postulated, the underlying physiology for this toxicity is not understood, thus preventing the design of rational strategies to improve membrane protein overexpression yields. In this study, we characterized E. coli cells overexpressing three different membrane protein-GFP fusions in the cytoplasmic membrane. Overexpression of a soluble GFP fusion protein was used to distinguish between general overexpression effects and effects related to overaccumulation in the cytoplasmic membrane. Several complementary proteomics approaches were refined and adapted for this study and complemented by flow cytometry, Western blotting, and pulse labeling. In particular, the development of "backed" BN-PAGE gels greatly improved the relative quantification of membrane protein complexes.
This study shows that the toxicity of membrane protein overexpression is primarily caused by a limiting Sec translocon capacity having a severe impact on both the cell envelope proteome and, surprisingly, also the cytoplasmic proteome. Two effects of the limiting Sec translocon capacity are especially noteworthy: (i) the aggregation of precursors of secretory proteins and of cytoplasmic proteins in the cytoplasm and (ii) the shifted and inefficient energy metabolism likely to be through redox activation of the Arc two-component system. Interestingly although the properties (such as number of TMDs and length) and functions of the overexpressed membrane proteins did not seem to influence the level of toxicity or proteome composition, there was a positive correlation with the amount of overexpressed material per cell. This is encouraging as it suggests that strategies to reduce toxicity and improve overexpression yields may be relatively independent of the type of membrane protein selected for overexpression. FIG. 7 . Western blotting analysis of purified cytoplasmic membranes. Cells overexpressing GFP fusion proteins and control cells were cultured, and cytoplasmic membranes were isolated as described under "Experimental Procedures." Cytoplasmic membranes were separated by means of SDS-PAGE and subsequently subjected to Western blotting analysis with antibodies to SecY, SecE, SecG, L5, DnaK, FtsH, and HtpX.
Our observations are summarized in Fig. 11 and discussed in more detail below.
Toxicity Due to Limiting Capacity of the Sec TransloconUpon membrane protein overexpression SecA levels were increased. SecA expression is up-regulated when the Sec translocon-dependent translocation of the secretion monitor SecM is hampered (59, 60) . Therefore, increased SecA levels indicate that the Sec translocon capacity is not sufficient in cells overexpressing membrane proteins, albeit we did not observe decreased accumulation levels of Sec translocon components under these conditions. Quantitative analysis of the cytoplasmic membrane proteome showed that the levels FIG. 8 . 2D BN-PAGE methodology suitable for relative quantification and 2D BN-PAGE reference map of the E. coli cytoplasmic membrane proteome. A, to be able to use 2D BN-PAGE for relative quantification, a 1.0-mm-thick first dimension gel was cast on a polyester support (GelBond PAG film, Cambrex) (step 1). After the first dimension blue native run, lanes were cut (step 2); equilibrated in denaturing, reducing, and alkylating buffer; and submerged into a low melting agarose solution on top of a 1.5-mm-thick 10% Duracryl gel (step 3). 6 -12 gels were run in parallel in the second dimension in an Ettan DALTtwelve system (GE Healthcare) (step 4). Relative quantification of spot intensities was performed using PDQuest from BioRad (step 5). B, the cytoplasmic membrane proteome of E. coli BL21(DE3)-pLysS was resolved by 2D BN-PAGE. 150 g of cytoplasmic membrane protein were used for the analysis. Proteins were visualized by colloidal Coomassie stain. Proteins in indicated spots were identified by MS (Table II and Supplemental Table 3 ). of many endogenous membrane proteins and complexes in the bacterial cytoplasmic membrane were significantly reduced, indicating that the overexpressed membrane protein competes out endogenous membrane proteins. This is nicely illustrated by the observation that overexpression of the soluble protein GST-GFP leads to increased levels of the IPTGinduced LacY transporter in the cytoplasmic membrane, whereas membrane protein overexpression did not (13) . Furthermore the levels of membrane-associated ribosomes were increased upon membrane protein overexpression, whereas total levels of ribosomes in the cells did not change. This is in keeping with previous E. coli studies that showed that high rates of membrane protein translation result in more membrane-associated ribosomes (61, 62) . Our data suggest that upon membrane protein overexpression most Sec translocons are engaged in co-translational protein translocation, i.e. the biogenesis of (overexpressed) membrane proteins. As a consequence, only a few Sec translocons will be available for post-translational protein targeting, i.e. the translocation of secretory proteins. Indeed the levels of the processed forms of many secretory proteins were diminished, whereas their precursors accumulated in the cytoplasm as aggregates. It is not likely that the slightly reduced levels of the targeting chaperone SecB account for precursor accumulation upon membrane protein overexpression because upon overexpression of GST-GFP SecB levels were reduced to the same extent, and precursor accumulation was not observed.
Taken together, the insufficient Sec translocon capacity has a severe impact on the composition and as a consequence also the functioning of the cell envelope as is evidenced by hampered cell division and reduced capacity of the respiratory chain. Surprisingly we did not detect up-regulation of markers for envelope stress, such as the periplasmic chaperone Skp or chaperone/protease DegP (data not shown and Refs. 63 and 64) , possibly indicating that the signal transduction of cell envelope stress is compromised. observed   FIG. 9 . Relative quantification of the cytoplasmic membrane proteome by 2D BN-PAGE. Cytoplasmic membranes of cells overexpressing GFP fusion proteins and of control cells were isolated as described under "Experimental Procedures." Independent triplicates of cytoplasmic membrane isolates were analyzed by 2D BN-PAGE. Proteins were visualized by colloidal Coomassie staining, and differences between replicate groups were analyzed using PDQuest (Bio-Rad). Differential protein expression was analyzed using the Student's t test with a 95% level of confidence and a threshold for quantitative differences of at least 2-fold upon membrane protein overexpression (see "Experimental Procedures"). Proteins were identified by MS ( Fig. 10 and Supplemental Table 3 ). Identified proteins with differential accumulation levels are indicated by gene names. The accumulation levels of spots indicated on the control gel were decreased, whereas the levels of spots indicated on the YidC-GFP overexpression gel were increased compared with the control. LacY is in parentheses because its levels were significantly increased upon GST-GFP overexpression, however, not upon membrane protein overexpression. A slight reduction of purity (85% instead of 92% as calculated by densitometry) of the cytoplasmic membranes isolated from overexpressors was obvious from the stronger spots for OmpA, OmpF, and the recently identified outer membrane assembly complex (YaeT, YfgL, NlpB, and YfiO) in our 2D BN-PAGE gels (75) .
Toxicity Due to Aggregation of Cytoplasmic and Mistargeted Secretory Proteins in the Cytoplasm-We
accumulation of protein aggregates in the cytoplasm of the membrane protein overexpressors but not upon overexpression of soluble GST-GFP. The overexpressed membrane proteins constituted only about 20% of the total aggregated protein. In this respect it should be mentioned that the T7 RNA polymerase-based system used to overexpress the membrane proteins is extremely powerful (65) and may compromise the coupling of transcription, translation, and targeting, leading to the mistargeting and accumulation of some of the overexpressed material in the cytoplasm. This may be the starting point for the formation of protein aggregates. Approximately one-quarter of the total protein in the aggregates was made up of precursor forms of secretory proteins supporting the above mentioned severe secretion defect caused by the Fig. 8B . A -fold change of 100 indicates a spot that was on upon membrane protein overexpression; a -fold change of 0.01 indicates that it was off. B, distribution of coefficients of variation for relative quantification of spots on 2D BN-PAGE gels. The coefficients of variation were derived from independent triplicate 2D BN-PAGE gels analyzed with PDQuest (Bio-Rad). C, performance of the respiratory chain of empty vector control cells was compared with the YidC-GFP overexpressor. Activities of succinate dehydrogenase and cytochrome oxidases were measured on inverted membrane vesicles. Oxygen consumption was measured in whole cells. Experiments were done in triplicates. Respiratory activities of control cells were set to 100. c Localization and number of TMDs according to the Swiss-Prot database. The localization of unknown proteins was predicted using PSORT (77) .
d Protein sizes (in kDa) predicted from amino acid sequence. Two sizes are given for secretory proteins: the first size corresponds to the mature form of the protein after signal sequence processing, and the second size corresponds to the precursor form including the signal sequence.
e Size of proteins calculated from the spot position on the 2D BN gels used for the analysis. f Native masses of proteins in the native first dimension calculated from the spot position on the 2D BN gels used for the analysis. It should be kept in mind that membrane protein complexes often run at higher apparent native masses than those calculated.
FIG. 11.
Consequences of membrane protein overexpression in E. coli. Typically membrane proteins are targeted via the SRP pathway to the SecYEG translocon where they are inserted co-translationally into the membrane (i-iv) (9); integral membrane (e.g. YidC), cytoplasmic (e.g. DnaK), and periplasmic (e.g. DegP) chaperones may assist the folding of membrane proteins (v). It should be noted that DegP can also overexpression of membrane proteins. Analysis of aggregated secretory proteins by the aggregation propensity prediction program Tango showed that the signal sequences of these secretory proteins are excellent seeds for aggregation (66) (data not shown). The remaining proteins in the aggregate preparations were mainly chaperones and proteases, which are most likely to be involved in the disaggregation, refolding, and degradation of the protein aggregates (67) (68) (69) . The sequestration of chaperones, like DnaK and GroEL/S, to the aggregates reduces their availability and is likely the reason for aggregation of proteins that require these chaperones for proper folding under normal conditions. Aggregation of essential proteins, like the cell division protein MinD or the elongation factor Tu, may contribute significantly to the toxicity of membrane protein overexpression (70) . Surprisingly hardly any endogenous membrane proteins could be detected in the aggregates. This is possibly due to efficient degradation by SsrA mRNA-dependent tagging of stalled nascent chains of co-translationally targeted membrane proteins and subsequent turnover by the Clp protease machinery (71) .
Taken together, overexpression of membrane proteins in the cytoplasmic membrane severely hampers protein homeostasis in the cytoplasm. This is likely to be another prime, and unexpected, reason for the toxicity of membrane protein overexpression.
Toxicity Due to a Changed and Less Efficient Energy Metabolism-Membrane protein overexpression strongly affected the composition of the cytoplasmic membrane proteome; e.g. levels of the key respiratory chain complexes succinate dehydrogenase and cytochrome bd and bo 3 oxidases were reduced. The state of the respiratory chain in E. coli is monitored by a number of redox sensor systems to maintain redox homeostasis (72) . One of these systems is the Arc two-component system, which mediates adaptive responses to changing respiratory conditions by monitoring the redox state of the Q pool. Our proteomics data, in particular the induction of the acetate-pta pathway, indicate that the Arc system is activated upon membrane protein overexpression, which typically occurs when the Q pool is mostly in a reduced state (Fig. 11) . Together with the up-regulation of pyruvate dehydrogenase, this may lead to an increased generation of ATP via the acetate-pta pathway resulting in secretion of acetate into the medium. Indeed the pH of the culture medium was lowered upon membrane protein overexpression. Also in keeping with Arc activation were the lowered accumulation levels of the tricarboxylic acid cycle enzymes FumA, FumC, Mdh, and Sdh as well as the glyoxylate bypass protein isocitrate lyase (73) . The reduced expression levels of cytochrome bd oxidase, whose expression is induced by ArcA-P, is likely to be caused by hampered biogenesis. The question remains whether reduced Sdh levels were the result of compromised biogenesis or whether its levels are down-regulated due to diminished respiration. Because the E. coli cells in our experiments were grown under fully aerated conditions, oxygen limitation cannot be the reason for Arc induction upon membrane protein overexpression. It is therefore not clear whether the Arc system is induced by a reduced Q pool or whether it is somehow "misled" by effects of membrane protein overexpression. Taken together, ATP, a central and highly demanded commodity for the overproduction of proteins and formation of biomass, is produced inefficiently under the conditions usually used to overexpress membrane proteins.
Future Perspectives-The comparative proteome analysis of aggregates, purified cytoplasmic membranes, and whole cell lysates using native as well as denaturing gels provides important physiological insight into toxicity of membrane protein overexpression in E. coli. Almost all effects were similar for the different overexpressed membrane proteins irrespecfunction as a protease (76) . We observed an increased association of DnaK with the cytoplasmic membrane upon membrane protein overexpression, supporting the involvement of DnaK in the folding of membrane proteins. Integral membrane proteases, like FtsH, may affect overexpression levels (vi). The abundantly overexpressed membrane proteins may titrate out targeting components (vii) (e.g. SRP and FtsY), which may lead to diminished synthesis of endogenous substrates such as subunits of respiratory chain complexes (which was observed for complexes II and IV and several other integral membrane proteins). The unnaturally high abundance of co-translationally inserted SecYEG substrates probably leads to an increased occupation of SecYEG translocons by translating ribosomes (indicated by the increased membrane association of the ribosomal subunit L5), leaving fewer translocons for post-translational translocation of secretory proteins (viii). This may be the reason for the accumulation of precursor forms of secretory proteins in the cytoplasm (ix) (shown for e.g. OmpA, OmpF, and OppA). Mistargeted secretory proteins tend to aggregate in the cytoplasm because of their aggregation prone signal sequence (x). Mistargeted overexpressed membrane proteins could also be a starting point for aggregation (xi). Aggregated proteins may titrate cytoplasmic chaperones (e.g. DnaK and GroEL), which are in turn missing for the folding assistance of their natural substrates, resulting in their co-aggregation and the induction of the 32 heat shock response (xii). Mistargeting of secretory proteins results in reduced levels of secreted proteins in the periplasm and outer membrane leading to cell division and membrane integrity problems. Less efficient assembly of respiratory chain complexes (especially complex IV) may result in a reduced Q pool, triggering the autophosphorylation of ArcB and hence the phosphorylation of the transcription factor ArcA (xiii). ArcA-P reduces the expression of several enzymes of the tricarboxylic acid (TCA) cycle (as observed for Mdh, FumA/C, and Sdh) (xiv) and enhances the expression of acetate kinase (AckA) to produce ATP by the dephosphorylation of acetyl phosphate. We have also observed the up-regulation of enzymes of the payoff phase of glycolysis and of pyruvate dehydrogenase that could fuel the ATP generation via acetyl phosphate (xv). Significantly changed accumulation levels of enzymes involved in energy metabolism are indicated by red (increase) and blue (reduction) arrows at the protein name. MDH, malate dehydrogenase; PEP, phosphoenolpyruvate; PDH, pyruvate dehydrogenase; P, phosphate; cy, cytochrome; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; ICL, isocitrate lyase; Succ, succinyl; SuccCoAS, succinyl-CoA synthetase.
tive of their biochemical properties. Thus, it should be possible to design generic strategies to improve membrane protein overexpression yields in E. coli. Based on our observations, moderate and timed co-expression of Sec translocon components may alleviate an important bottleneck. This should improve the capacity of membrane protein integration as well as translocation of secretory proteins and thus reduce cell envelope stress and formation of protein aggregates. Membrane protein quality control and degradation may also be promising targets for strain engineering. So far, two main integral membrane proteases have been identified, FtsH and HtpX. It is unlikely that HtpX-mediated proteolysis poses a major problem for membrane protein overexpression as HtpX levels were strongly reduced upon membrane protein overexpression. However, FtsH levels were not significantly affected, and its activity could very well interfere with membrane protein overexpression. It would be interesting to determine whether co-expression of the Bacillus subtilis peptide SpoVM, a competitive inhibitor of the E. coli FtsH activity, can improve membrane protein overexpression yields (74) . Furthermore aggregation of proteins in the cytoplasm appears to affect membrane protein overexpression by reducing the fitness of the overexpression host. Indeed preliminary experiments indicate that by lowering the formation of aggregates in the cytoplasm membrane protein overexpression levels increase considerably. 3 Under the culture conditions used for membrane protein overexpression, redox sensors are likely to be dispensable. Therefore, the deletion or redirection of sensory systems, e.g. Arc, may improve overexpression yields by preventing the misled activation of stress responses upon membrane protein overexpression. In conclusion, our study provides an important platform for designing rational strategies to improve membrane protein overexpression yields.
